ABSTRACT. Mitochondria play a crucial role in energy metabolism through oxidative phosphorylation. Organisms living at high altitudes are potentially influenced by oxygen deficits and cold temperatures. The severe environmental conditions can impact on metabolism and direct selection of mitochondrial DNA. As a wide-ranging animal, the domestic horse (Equus caballus) has developed various morphological and physiological characteristics for adapting to different altitudes. Thus, this is a good species for studying adaption to high altitudes at a molecular level. We sequenced the complete NADH dehydrogenase 6 gene (ND6) of 509 horses from 24 sampling locations. By comparative analysis of three horse populations living at different altitudes (>2200 m, 1200-1700 m, and <900 m), we found that the high-altitude population had the lowest genetic diversity and significant negative Tajima's D; both values declined with increasing elevation. Moreover, non-directional selection was identified for the ND6 gene by a tree-based relative ratio test (P = 0.007); the highest proportion of high-altitude horses was found distributed on the selected branches. We conclude that the high-altitude environment has directed adaptive evolution of the mitochondrial ND6 gene in the plateau horse.
INTRODUCTION
The mitochondrion is a key organelle involved in metabolism. It produces 95% of a eukaryotic cell's energy and encodes 13 proteins that compose four complexes in mammals: NADH dehydrogenase (ND1, 2, 3, 4, 4L, 5, and 6) , cytochrome bc1 (CytB), cytochrome c oxidase (COX1, 2, 3), and ATP synthase (ATP6 and ATP8). All of these four complexes involved in the oxidative phosphorylation process are essential for energy metabolism (Lopez-Barneo et al., 2001 ). Hypoxia and cold are two characteristics of a plateau environment; they can directly influence metabolic performance and modify selective pressures on mitochondria. Several investigators have reported physiological and genetic (including hemoglobin and mitochondrial gene) adaptations to high-altitude environments in humans, deer, mice, and cattle Caparini (Beall, 2003; Weber, 2007; Gering et al., 2009; Hassanin et al., 2009) . Although physiological adaptation of domestic horses living at high altitudes has also been reported (Wickler and Greene, 2003) , only one study examined the responses of mitochondrial DNA to this environment in the domestic horse. The ND6 gene was reported to accumulate larger numbers of nonsynonymous substitutions, based on analysis of three mitochondrial genomes of the Tibetan plateau horse, suggesting highaltitude adaptations at the ND6 gene in domestic horses (Xu et al., 2007) . However, the dataset was small and there was no comparative analysis between plateau and plain horses. We investigated whether the ND6 gene has been affected by adaptive evolution in the plateau (high altitude) horse population.
MATERIAL AND METHODS

Sampling and sequencing
The complete ND6 gene (528 bp) was amplified and sequenced for 509 Chinese domestic horses from 24 sampling locations using primers N6F (5'-CCAAAATCTATCTC CCAGTT-3') and N6R (5'-GAGCCGATTTCATCAT-3'). All ND6 sequences in this study were evaluated by bi-directional sequencing and deposited as haplotypes in GenBank under accession numbers FJ643640-FJ643675.
Population genetics analysis
For comparative analysis, all 509 Chinese horse samples were classified into three populations according to their elevation environments (>2200 m; 1200-1700 m; <900 m; Supplementary Table 1 and Supplementary Figure 1) . Arlequin 3.0 (Excoffier et al., 2005) was used to calculate nucleotide and haplotype diversity and migrant number (Nm) in these populations (Hudson et al., 1992 ). Tajima's D (Tajima, 1989) was calculated using DnaSP 4.0 (Rozas et al., 2003) . Statistical significance of the Tajima's D test was assessed by 10 4 coalescent simulations without recombination.
Detecting selective signal
To detect selection on the ND6 gene in the horses, we first adopted a tree-based relative ratio test to distinguish directional selection (successive amino acid change for efficiently performing a particular task) and non-directional selection (variation for maintaining an acceptable level of fitness to changes in the environment) by CRANN (Creevey and McInerney, 2002) . A domestic donkey sequence (X97337) was used as the outgroup. The expectation of this test is that the ratio of replacement to silent polymorphisms on each branch should be equal to the ratio of replacement to silent substitutions over the entire tree under neutrality. The G test and the Fisher exact test were used to check significant differences in this ratio. The site-specific likelihood test with the CODEML module in the PAML package (Yang, 1997) was used to identify the potential selected sites of the ND6 gene, discriminated by Bayes empirical Bayes analysis. Two nested models, M1 (nearly neutral) vs M2 (positive selection), and M7 (β) vs M8 (β and ω) were used for the likelihood ratio tests. The significance of twice the difference in maximum likelihood values between nested models was checked with the chi-square distribution.
RESULTS AND DISCUSSION
Potential selected sites and effects of selection on genetic diversity
Thirty-six haplotypes were defined by 509 Chinese domestic horse sequences (Table 1 ). In general, if selection is operating on an organism, advantageous mutations will increase in frequency to adapt; after they have spread through a population, the level of diversity will be reduced. When we pooled 509 horse samples into three populations based on altitudes (>2200 m; 1200-1700 m; <900 m), the highest nucleotide diversity was found at the lowest altitude (π = 0.005) and the lowest one at the highest altitude (π = 0.003). Haplotype diversity was 0.6242, 0.7151 and 0.7936 at high, mid and low altitudes, respectively. Notably, both nucleotide and haplotype diversities of the ND6 gene declined with increasing altitude (Table 1) . Also the sites (118 K and 162 L) at the ND6 gene were identified with more than 96% probability under positive selection by comparing two nested models in PAML (Table 2) . A negative value of Tajima's D, which may reflect an effect of positive selection (Nielsen, 2005) , was detected in all three altitude populations; it also declined with increasing altitude, but significance was only found for >2200 m and 1200-1700 m, after 10 4 coalescence simulations. non-recombination coalescence. Four Chinese domestic horse populations: All = a total of 509 samples; HP = altitude >2200 m; MP = altitude 1200-1700 m; LP = altitude <900 m. *P < 0.05.
Non-directional selection on the ND6 gene
In the tree-based relative ratio test, non-directional selection branches (P = 0.007) were identified in the neighbor-joining tree of the ND6 gene constructed with Ka/Ks distances ( Figure 1A ). When we compared the sample distribution on the selected branches with that on the unselected branches in the three populations, we found three noteworthy results. First, the silent polymorphisms, which should be numerous in a population, were not detected on the selected branches ( Figure 1B ). This is expected if selective pressure has acted on the horses belonging to the selected branches and deleted silent polymorphism substitutions. Second, the distribution ratio of the selected to unselected horses increased from 97% (at the lowest latitude) to 122% (at the middle latitude) to 175% (at the highest latitude; Figure 1C) . Third, the number of >2200 m horses and of <900 m horses are significantly different between the selected and unselected branches (chi-square test: P = 0.03). What accounts for the high proportion but not all plateau horses on selected branches?
Four factors help to explain this scenario. First, the Nm values show gene flow between the three horse populations. The largest value (Nm = 17.699) was found between the high-and mid-altitude populations. This means that the three horse populations are not independent of each other. Second, several physiological studies provide considerable empirical evidence to support different individual fitness at high-altitude environments (Monge and Leon-Velarde, 1991; Schmidt-Nielsen, 1997; Wickler and Greene, 2003) . Thus, individual fitness should be different on a molecular level within a population. Third, the earliest known domestication of horses was traced back to 3500 B.C. in the Eneolithic Botai Culture of Kazakhstan (Outram et al., 2009) . Based on the short demographic history, evidence for selection (especially non-directional selection) would not likely be fixed on the mitochondrial DNA of all high-altitude horses. Fourth, recombination rarely occurs in mitochondria, so that if a substitution is under positive selection then any other substitutions in that lineage will be carried with it, which makes the infrequent adaptive evolution signature even more easily obscured by the ubiquitous negative selection within a population. That is also the reason why two sites (118 K and 162 L) at the ND6 gene were identified with more than 96% probability under positive selection by nested model comparison, while likelihood ratio tests of M1 vs M2 and M7 vs M8 were not significant (2ΔlnL M1 vs M2 = 4.2336 with 0.1 < P < 0.5; 2ΔlnL M7 vs M8 = 5.1531 with 0.05 < P < 0.1) ( Table 2) .
CONCLUSIONS
The lowest genetic diversity and significant negative Tajima's D in the high-altitude population, the non-directional selection signal, the high proportion of plateau horse samples on the selected branches, and the two potential selected sites, all lead us to suggest that the ND6 gene has undergone adaptive evolution to the high-altitude environment in most Chinese plateau horses. In order to test whether adaptive evolution is unique to the horse mitochondrial ND6 gene, the same analyses were performed on the mitochondrial genomes (T. Ning, H. Xiao, J. Li, S. Hua, et al., unpublished data); however, we did not find a similar pattern in any other genes. This research helps demonstrate that severe environments can compel adaptive evolution in mitochondrial DNA. Supplementary Table 1. 
